Using the optical methods of reflection anisotropy spectroscopy, surface photovoltage spectroscopy, and contactless electroreflectance, we have conducted an ex situ investigation of ͑a͒ the InP/In 0.53 Ga 0.47 As͑001͒ heterojunction interface as a function of InP overlayer thickness ͑50-1000 nm͒ and ͑b͒ the surfaces of n-and p-doped In 0.53 Ga 0.47 As͑001͒. All samples were fabricated by organometallic vapor phase epitaxy. The results from these optical probes make it possible to form a comprehensive quantitative picture of the InP/InGaAs heterojunction, including conduction and valence band offsets of 275 and 325 meV, respectively, as well as the ͑001͒ surface of InGaAs ͑surface Fermi levelϭ200 mV from the conduction band edge͒.
I. INTRODUCTION
The technological importance of InP/In 0.53 Ga 0.47 As heterojunctions is due to their integral part in InP-based microelectronic and photonic devices. Two microelectronic devices in particular, InP/InGaAs high electron mobility transistors ͑HEMTs͒ and heterojunction bipolar transistors ͑HBTs͒, have impressive microwave properties including high frequency gain, noise characteristics, and power handling capacity. InP-based HEMTs are being pursued in integrated circuits ͑ICs͒ such as 60 GHz low noise amplifiers, 1 and likewise HBTs are of interest in ICs such as high resolution, high speed analog to digital converters. 2 InP-based photonic devices can uniquely meet today's needs for optical transport and access networks. Lasers have been pursued commercially for some time and photonic integrated circuits ͑PICs͒ are also being developed. Examples of PICs that have been recently reported are distributed feedback laser integrated with an electroabsorption modulator for long haul transmission at 2.5 GHz, and electro-optic integrated circuits for receivers capable of wide bandwidths of 6 GHz.
The device properties of InP/InGaAs heterojunction devices are strongly influenced by the electronic and optical properties of the interface. 3 Better understanding of this heterojunction can potentially improve the performance of devices even further. Perhaps more importantly it can aid in the commercial pursuit of InP-based devices where the emphasis is on reproducibility, reliability, circuit yield, and increased IC complexity at the lowest possible cost.
Using the optical methods of reflection anisotropy spectroscopy ͑RAS͒, 4 -10 surface photovoltage spectroscopy ͑SPS͒, [11] [12] [13] [14] and contactless electroreflectance ͑CER͒, 15 we have conducted an ex situ investigation of the InP/In 0.53 Ga 0.47 As͑001͒ heterojunction interface as a function of InP overlayer thickness ͑50, 100, 150, 200, 250, 300, and 1000 nm͒. The results from these optical probes make it possible to form a comprehensive quantitative picture of the InP/InGaAs heterojunction. To gain further information about this heterojunction we also have studied the surfaces of n-and p-doped In 0.53 Ga 0.47 As using RAS and CER. In the former system we have ͑a͒ determined the conduction (⌬E C ) and valence (⌬E V ) band offsets to be 275 and 325 meV, respectively, and ͑b͒ observed the evolution of the interface electric field with InP overlayer dimension. The behavior of the interface electric field with InP coverage indicates a lack of significant interface charge and has been explained by a self-consistent Poisson's calculation of the properties of the heterojunction. The CER signal from the direct band gap of the InP confirmed the low doping level in this material. Also, the observed below band gap CER features may be related to the presence of some As in the InP, as suspected from the growth conditions. 16 For the InGaAs surface we have ͑a͒ observed that the RAS signal increases linearly with the square root of the doping level ͑and hence surface electric field͒ due to the linear electro-optic effect a͒ Also at the Graduate School and University Center of the City University of New York, New York, NY 10036; Electronic mail: fhpbc @cunyum.cuny.edu associated with the E 1 , E 1 ϩ⌬ 1 optical features [5] [6] [7] [8] and ͑b͒ evaluated the surface Fermi level to be 200 mV below the conduction band edge.
Reflection anisotropy spectroscopy measures the polarization anisotropy of light linearly polarized along the ͓110͔ and ͓110͔ principal axes in the plane of the ͑001͒ surface of zincblende-type semiconductors. It has been demonstrated that RAS can be employed to determine the sign and magnitude of near surface electric fields from the anisotropy produced by the linear electro-optic effect in the vicinity of the spin-orbit split E 1 , E 1 ϩ⌬ 1 optical features. [5] [6] [7] [8] Our work demonstrates that RAS can be employed to gain information about the electric fields at buried interfaces 10 in addition to its previous applications to ͑a͒ the in situ surface chemistry of MBE and OMCVD growth 4 and ͑b͒ surface electric fields.
5-8 SPS employs a Kelvin probe for the measurement of the changes in surface potential as a function of heterojunction overlayer thickness. This method produces a unified picture about the potential profile in the entire structure including band offsets, interface and bulk defect states, as well as net carrier concentrations. [11] [12] [13] [14] CER is a contactless form of electromodulation in which the modulating electric field is applied to the sample using a capacitorlike configuration. The observed spectra, which may display Franz-Keldysh oscillations ͑FKOs͒, yields information about band gaps and built-in electric fields ͑from the FKOs͒. The samples were grown in a 50-mm-diam horizontal, lamp-heated, quartz chamber reactor at 650°C, 100 Torr. The sources were trimethyl indium, trimethyl gallium, arsine, and phosphine for the InP and InGaAs growth and silane diluted in H 2 and dimethylzinc for the n and p-doping, respectively.
III. EXPERIMENTAL RESULTS
A. n-and p-doped In 0.53 Ga 0.47 As samples
Reflection anisotropy difference measurements
Reflection difference anisotropy experiments have been used to study the surface electric fields in n-and p-doped GaAs͑001͒ and ZnSe͑001͒ as well as InSb and GaAs͑110͒.
In zincblende-type semiconductors the RAS signal in the vicinity of the E 1 , E 1 ϩ⌬ 1 optical features ͓interband transitions along the ⌳ lines ͑͗111͘ directions͒ of the Brillouin zone͔ contains a linear electro-optic effect. [5] [6] [7] [8] Also, there may be a background signal due to any improper alignment of the modulator and analyzer. Since it is the linear electrooptic effect that provides the information of interest, we would like to eliminate the influence of the background term.
We define (⌬R/R) a as
where R 110 and R 11 0 are the reflectivities for light polarized along the ͓110͔ and [1 10] directions, respectively. On the other hand, the signal (⌬R/R) b is
By taking the difference between these two signals, i.e., (⌬R/R) Ϫ ϭ(⌬R/R) a Ϫ(⌬R/R) b , we can eliminate any background terms. We term (⌬R/R) Ϫ as the RAS spectrum.
Plotted in Fig. 1 17 are denoted by arrows at the bottom of the figure. Note that the amplitude ͑peak-to-valley͒ of the signal increases as the doping concentration ͑and hence surface electric field͒ is raised, in a manner similar to that observed in GaAs͑001͒. 5, 6 In Fig. 2 cm Ϫ3 ͑curve b͒, 7ϫ10 18 cm Ϫ3 ͑curve c͒. The energies of the E 1 ͑2.57 eV͒ and E 1 ϩ⌬ 1 ͑2.82 eV͒ optical transitions in unstrained In 0.53 Ga 0.47 As are denoted by arrows at the bottom of the figure. Again there is a shift in oscillator strength from the E 1 ϩ⌬ 1 to E 1 structure as the doping concentration, and hence surface electric field, is increased. However, note that the phase of the RAS signals is reversed in the n-and p-type samples, thus making it possible to determine the nature of the band-bending at the surface/interface. [5] [6] [7] [8] We have found that the amplitude of the RAS signal increases linearly as the square root of the carrier concentration ͑surface electric field͒ as reported for GaAs͑001͒ in Refs. 5 and 6.
Contactless electroreflectance
In order to obtain more information about the surface electric fields in these samples we also have performed CER measurements in the vicinity of the direct gap (E 0 ) at 300 K. Shown in Fig. 3 is the CER spectrum from the 2ϫ10 17 cm where the electro-optic energy ប⌰ is
and E N is the photon energy of the Nth extrema, E 0 is the band gap, F is the electric field, ʈ is the reduced interband effective mass ͑0.0376 in units of the free electron mass͒ 18 in the direction of F ៝ and is an arbitrary phase factor. It has been shown that for the nonuniform field in a space charge layer the field evaluated from the FKOs is F s . This is the case when the ac modulating field F ac р0.15F s , independent of the penetration depth of the light. 15 The obtained value of F s ϭ90Ϯ10 kV/cm.
The surface Fermi level V F,s C ͑relative to the conduction band edge͒ can be evaluated from the relation
where N D is the donor concentration, ⑀ 0 is the permittivity of free space, ͑ϭ14͒ 18 is the static dielectric constant, and V F,b C is the bulk Fermi position, relative to the conduction band edge. We have neglected any photovoltaic effects. Even though CER does not employ a pump beam ͑to produce the modulation͒ there still may be a photovoltaic effect ͑typically about 50-100 meV at 300 K͒ due to the probe light. 15, 20 From Eq. ͑3͒ with V F,b C ϭ 15 mV 19 we find V F,s C ϭ 200 Ϯ 40 mV ͑relative to the conduction band͒, in reasonable agreement with the barrier height reported by Tawari and Frank. 
Surface photovoltage spectroscopy measurements
The SPS response of the above structure has been studied numerically by simultaneously solving the continuity and Poisson equations. The details of the simulation program have been elaborated elsewhere. 14, 22 The calculated SPS response for several overlayer thicknesses is shown in Fig. 4 , using values of the absorption coefficient and carrier lifetime taken from Ref. 18 . The spectra of Fig. 4 display two distinct spectral regions according to the dominant absorption site: Below the band gap of the InP overlayer ͑Ϸ1.35 eV͒, the photons are absorbed in the InGaAs layer. Above that energy, they are absorbed in both the InP overlayer and the InGaAs layer. With increased overlayer thickness both the shape of the spectra and their magnitude undergo very significant changes. It is of particular importance to note that the ''knee'' in the spectrum at about 1.35 eV, clearly seen in the spectra of samples with relatively thick overlayers, is completely absent from the spectra of samples with thinner ones.
Furthermore, in order to test the sensitivity of the spectral features to the values of the various parameters we have performed additional simulations using parameters ͑absorp-tion coefficient and carrier lifetime͒ deviating from the standard ones by plus/minus an order of magnitude. We find that while these quantities may significantly influence the amplitude of the SPS spectrum, they have no appreciable effect on the critical thickness, W c , at which the above mentioned ''knee'' appears. However, changing the value of the band offsets has a very large effect on W c . The magnitude of the above mentioned ''knee'' as a function of overlayer thickness for both ⌬E C ϭ275 meV ͑used for the main portion of Fig. 4͒ and ⌬E C ϭ225 meV is shown in the inset of Fig. 4 . It is easily seen that indeed this ''knee'' appears quite abruptly at a thickness of W c , and also that W c is critically dependent on ⌬E C . Thus, once W c has been determined experimentally, the band offsets may be found by numerical fitting.
The experimental SPS spectra for several overlayer thicknesses are shown in Fig. 5 . Three regimes are apparent, i.e., photon energies below the 0.75 eV ͑E 0 of InGaAs͒, photon energies between the InGaAs and InP band gaps and photon energies above the InP band gap. The first regime clearly corresponds to absorption in a defect gap state ͑it does not appear in the numerical simulation since no specific defect gap states were included in it͒. The second and third regimes are very similar to those obtained in the numerical simulation. All features of the numerical simulation are also observed in the real experiment. These include a very large contribution from the InGaAs layer, which is not to be expected in the absence of charge transfer into the InP overlayer and a critical thickness ͑W c ϭ150-200 nm͒ below which the InP-related ''knee'' does not appear in the spectrum. Further simulations which use ⌬E C and ⌬E V as fitting parameters show that the best fit for W c is obtained for ⌬E C ϭ275Ϯ30 meV and ⌬E V ϭ325Ϯ30 meV. The error results mainly from the experimental uncertainty in the precise value of W c . These values are in excellent agreement with values reported in the literature. [23] [24] [25] Note that since the dependence of W c on the band offsets is very strong a rather large uncertainty in W c leads to a rather small error in the band offsets-clearly an advantage of the proposed approach. The full details of such SPS measurements and analysis will be the subject of a future work. 26 Figs. 6͑a͒, 6͑b͒ , and 6͑c͒ are the CER spectra in the vicinity of E 0 of InGaAs for bare n-InGaAs ͑nϭ1ϫ10 ͒ samples, respectively. For comparison purposes, we also have displayed in Fig. 6͑d͒ the CER data for bare p-InGaAs ͑pϭ2ϫ10 17 cm
CER measurements
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͒. The sign of the CER signal for curves a, b, and c indicates that all the surface/interface fields are ''n type,'' i.e., upward band bending towards the surface/interface. For the doping levels used in these samples the space charge region is expected to be fully depleted. The fields determined from the FKOs of curves a, b, and c are 50Ϯ5 kV/cm, 27Ϯ3 kV/cm, and 30Ϯ3 kV/cm, respectively. Thus, with increasing InP overlayer thickness the interface electric field decreases, in agreement with a computer simulation. For the bare InGaAs sample, from Eq. ͑3͒ with V F,b C ϭ 30 mV we find V F,s C ϭ 160 Ϯ 30 mV, in reasonable agreement with the CER measurement of Sec. II A 2. The discrepancy is probably due to the photovoltaic effect, which will be smaller in the more heavily doped material. However, the trend with InP coverage is clear.
In Fig. 7 we display the CER spectrum for the InP ͑300 nm͒/InGaAs sample in the region of E 0 of InP. The peak at 1.33 eV corresponds to the direct gap of the InP. The absence of FKOs confirms the low doping level in this material. The criteria for the appearance of FKOs is that the electro-optic energy ប⌰у⌫, 15 the broadening parameter. With ⌫ϭ6 meV ͑from Fig. 7͒ and ʈ ϭ0.069
18 ͑in units of the free electron mass͒ we find F s р4 kV/cm. The observed below band gap CER features may be related to the presence of some As in the InP, as suspected from the growth conditions. 16 These resonances are the subject of further investigation. Fig. 8 ͒ surface and iϭInP͑50 nm͒ ͓curve ͑a͔͒, InP͑100 nm͒ ͓curve ͑b͔͒, InP͑150 nm͒ ͓curve ͑c͔͒, and InP͑200 nm͒ ͓curve ͑d͔͒. The arrows at 2.57 and 2.82 eV are the E 1 and E 1 ϩ⌬ 1 optical transitions, respectively, of relaxed InGaAs while the arrow at 3.2 eV denotes E 1 , E 1 ϩ⌬ 1 of InP ͑in this material the spin-orbit splitting ⌬ 1 is only about 100 meV͒. 27 These measurements are in agreement with the above CER results, i.e., increased InP coverage reduces the interface electric field. However, comparison of curve ͑a͒ with Figs. 1 and 2 seems to indicate that the interface field is ''p type'' ͑down-ward band bending towards the surface/interface͒, in contrast to our CER results. This may be due to the differing probe depths of the two techniques. One explanation of this difference is the possibility of a ''camel-back diode'' type of band bending within the InGaAs near the InP interface. If the maximum conduction band potential is not directly at the interface ͑denoted as zϭ0͒ but is reached a few hundred angstroms beyond the interface ͑zϭz max ͒ there will be two electric fields, i.e., a ''p-type'' field between 0ϽzϽz max and an ''n-type'' field beyond this point. Thus, the much larger ''n-type'' region may be probed by CER and SPS while RAS, which has a penetration depth of only a few hundred angstroms, senses the former field.
RAS measurements
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IV. SUMMARY
We have conducted an ex situ investigation of ͑a͒ the surfaces of n-and p-doped In 0.53 Ga 0.47 As͑001͒ and ͑b͒ the InP/In 0.53 Ga 0.47 As͑001͒ heterojunction interface as a function of InP overlayer thickness ͑50-1000 nm͒ using the optical methods of RAS, SPS, and CER. The results from these optical probes make it possible to form a comprehensive quantitative picture of the InP/InGaAs heterojunction as well as the ͑001͒ surface of InGaAs. In the former system we have ͑a͒ determined ⌬E C ϭ275 meV and ⌬E V ϭ325 meV from SPS and ͑b͒ observed the evolution of the interface electric field with InP overlayer dimension using SPS, CER, and RAS. The behavior of the interface electric field with InP coverage indicates a lack of significant interface charge and has been explained by a self-consistent Poisson's calculation of the properties of the heterojunction. The RAS measurement indicated a different type of interface InGaAs electric field in relation to the SPS and CER studies. We have postulated one possible explanation for this apparent discrepancy. The CER signal from the direct band gap of the InP confirmed the low doping level in this material. Also, the observed below band gap CER features may be related to the presence of some As in the InP, as suspected from the growth conditions. For the InGaAs surface we have observed that the RAS signal increases linearly with the square root of the for a series of InP/InGaAs samples with InP͑50 nm͒ ͓curve ͑a͔͒, InP͑100 nm͒ ͓curve ͑b͔͒, InP͑150 nm͒ ͓curve ͑c͔͒, and InP͑200 nm͒ ͓curve ͑d͔͒. The arrows at 2.57 and 2.82 eV are the E 1 and E 1 ϩ⌬ 1 optical transitions, respectively, of InGaAs, while the arrow at 3.2 eV denotes E 1 , E 1 ϩ⌬ 1 of InP.
doping level ͑and hence surface electric field͒ and that there is a change in phase between the n-and p-type material. These observations are due to the linear electro-optic effect associated with the E 1 , E 1 ϩ⌬ 1 optical features. Also we have evaluated the surface Fermi level to be 200 mV below the conduction band edge using CER.
